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Abstract 

Plasma  sprayed  Al-bronze  (Al-Br)  or  CuNiln  coatings  are  often  applied  to  protect 
against  fretting  wear  and  extend  the  operational  life  of  Ti-alloy  compressor  blades  in 
turbine  engines.  In  order  to  develop  a  fundamental  understanding  of  how  these  coating 
systems  perfonn  under  gross  slip  fretting  conditions,  bench  level  fretting  wear  tests  were 
conducted  at  room  temperature  to  simulate  cold  engine  startup.  Alternative  coatings  such 
as  plasma  sprayed  molybdenum  and  nickel  were  also  evaluated  because  of  their  potential 
for  reducing  fretting  wear  under  certain  simulated  engine  conditions.  The  combination  of 
scanning  electron  microscopy  (SEM),  surface  profilometry,  surface  chemistry  (EDS),  and 
friction  analysis  were  used  to  study  coating  performance  and  evaluate  the  interfacial  wear 
mechanisms.  In  this  study  it  was  detennined  that  all  coatings  caused  significant  damage 
to  the  mating  Ti6A14V  surfaces. 
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1.  Introduction 


Fretting  wear  is  an  accumulation  of  damage  that  occurs  at  component  interfaces 
that  are  subjected  to  high  contact  stresses  coupled  with  low  amplitude  oscillation.  This 
phenomenon  often  leads  to  the  immediate  disruption  of  surface  oxides  within  the  contact. 
Depending  on  the  chemistry  and  morphology  of  the  oxide  debris,  these  particles  can 
cause  abrasive  wear  between  the  contacting  surfaces.  Once  the  surface  oxides  have  been 
removed,  the  nascent  surfaces  are  exposed  and  typically  adhere  causing  adhesive  wear,  or 
galling  in  some  cases,  to  occur  until  the  wear  particles  are  broken  up  into  finer  debris  and 
eventually  oxidized  [1].  Evidence  of  this  for  Ti6A14V  mating  surfaces  has  been  noted  in 
this  study  in  the  wear  mode  analysis  section. 

In  the  aerospace  industry  fretting  wear  can  be  problematic,  often  leading  to 
catastrophic  failures.  One  of  the  most  common  occurrences  of  fretting  in  a  jet  turbine 
engine  is  in  the  compressor  section  at  the  blade/disk  interface.  The  blade/disk  interface, 
also  known  as  the  dovetail  joint,  is  often  fabricated  from  Ti6A14V  because  of  its  high 
strength  to  weight  ratio  and  corrosion  resistance.  Tribologically,  mating  Ti6A14V 
surfaces  are  especially  susceptible  to  fretting  because  titanium  alloys  have  a  propensity  to 
gall  and  can  produce  hard  oxide  debris  that  score  the  interface  [2-4],  In  addition  to 
fretting  wear  at  the  interface,  the  combination  of  the  rotating  disk  and  the  airflow  through 
the  engine  imposes  centrifugal  forces  and  radial  oscillations  on  the  blades  causing  bulk 
cyclic  stresses  and  component  fatigue.  The  combination  of  the  bulk  cyclic  stresses  and 
fretting  surface  interactions  is  often  called  fretting  fatigue  [5-7].  The  impact  of  fretting 
wear  on  the  reduction  of  fatigue  life  has  been  addressed  in  many  publications.  However, 
Zhou  et  al.  conducted  a  study  using  aluminum  alloys  that  showed  fretting  wear  can  cause 
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surface  tears  or  cracks  that  are  long  enough  to  be  considered  critical  without  bulk  loading 
to  the  specimen  [8],  This  study  demonstrates  how  detrimental  fretting  wear  can  be  to  the 
fatigue  life  of  contacting  specimens,  even  when  they  are  not  in  the  presence  of  fatigue 
loading. 

A  common  solution  to  the  fretting  wear/fatigue  problem  is  to  apply  plasma 
sprayed  coatings  and  solid  lubricants  to  the  component  surfaces  [8-10],  Although  the 
implementation  of  coatings  and  lubricants  has  increased  component  life,  there  is  a 
tremendous  cost  associated  with  schedule  based  maintenance  of  these  systems. 

Therefore,  the  development  of  new  coatings,  coating  processes,  and  lubricants  that  are 
able  to  reduce  fretting  damage  and  withstand  the  hostile  engine  environment  will  provide 
significant  reductions  in  maintenance  costs.  In  order  to  develop  these  coatings,  it  is 
important  to  characterize  the  Ti6A14V  surface  interactions  with  current  coatings  and 
compare  them  with  potential  replacement  materials.  In  this  study,  an  in  depth  evaluation 
was  conducted  on  the  gross  slip  fretting  wear  of  Ti6A14V  mated  surfaces  as  well  as 
Ti6A14V  worn  against  plasma  sprayed  copper-nickel-indium  (CuNiln),  aluminum-bronze 
(Al-Br),  molybdenum  (Mo),  and  nickel  (Ni).  CuNiln  and  Al-Br  are  the  two  most 
prominent  thennal  sprayed  coatings  for  this  application,  while  the  Mo  and  Ni  coatings  are 
two  wear  resistant  coatings  that  have  some  potential  for  fretting  wear  mitigation  [9,  11, 
and  12].  Fretting  experiments  and  post  test  analysis  were  used  to  detennine  the 
performance  of  these  unlubricated  coating  systems  at  room  temperature. 

2.  Experimental 
2,1  Specimens 
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The  specimens  used  for  this  investigation  were  Ti6A14V,  and  the  test  geometry 
was  an  ellipsoid  on  a  flat  plate.  The  ellipsoid,  shown  in  Fig.  1,  was  designed  to  eliminate 
the  stress  concentrations  that  occur  at  the  edges  of  cylindrical  contacts.  Therefore,  the 
Hertzian  contact  stress  profiles  for  the  samples  are  smooth  with  a  maximum  stress  at  the 
center  instead  of  near  the  edge  of  contact.  In  addition,  the  elliptical  contact  simplifies 
alignment  procedures  for  reproducible  contact  areas,  and  the  large  radius  in  the  sliding 
direction  allows  for  a  target  maximum  Hertzian  contact  pressure  of  650  MPa  with  an 
applied  normal  load  of  50  N.  The  plates  were  flat  circular  disks  with  a  diameter  of  12.7 
mm  on  the  test  face  and  3.2  mm  thick.  Average  surface  roughness  (Ra)  was  0.1  pm  on 
both  the  disk  and  ellipsoid.  Prior  to  testing,  the  Ti6A14V  disks  were  commercially  grit 
blasted  and  then  plasma  sprayed  with  CuNiln,  Al-Br,  Mo,  and  Ni.  The  coatings  were  all 
in  the  range  of  approximately  75-  100pm  thick.  The  coating  compositions,  surface 
roughness,  hardness,  and  modulus  measurements  are  listed  in  Table  1.  Metallography  of 
coatings  showed  that  the  Al-Br  coatings  were  less  uniform  and  less  dense  than  the  other 
coatings,  which  is  reflected  in  the  measured  hardness  values. 

2.2  Tribological  Testing  and  Analysis 

The  purpose  of  this  study  was  to  provide  an  understanding  of  how  Ti6A14V 
performed  when  coupled  with  the  selected  metallic  plasma  sprayed  coatings,  and 
subjected  to  gross  slip  fretting  wear  at  room  temperature.  The  room  temperature  tests 
were  designed  to  simulate  cold  engine  startup.  Three  to  four  repeat  tests  were  conducted 
on  each  coating.  The  tests  were  conducted  using  a  200pm  stroke  length,  30Hz  oscillation 
speed,  and  a  50N  normal  load  for  100,000  cycles.  The  applied  50N  normal  load  yields  a 
maximum  Hertzian  contact  stress  of  approximately  650MPa.  In  addition,  shorter 
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duration  tests  were  conducted  at  2  Hz  oscillation  speed,  to  supplement  the  longer  tests  for 
wear  analysis. 

For  the  duration  of  each  test  the  root  mean  square  (RMS)  of  the  friction  data  and 
the  frictional  hysteresis  was  recorded.  The  fretting  wear  tribometer,  illustrated  in  Fig  2, 
has  a  stage  that  is  mounted  on  thin  metal  legs  that  can  support  the  normal  applied  load, 
while  acting  as  tangential  springs  in  the  oscillation  direction.  As  the  elliptical  sample 
moves  the  friction  force  between  the  samples  causes  the  sample  stage  to  deflect  slightly, 
on  the  order  of  1  pm  typically,  in  the  direction  of  sliding.  The  stage  deflection  then 
compresses  or  stretches  the  attached  piezoelectric  transducer  and  creates  a  signal.  The 
signal  from  the  piezo  is  then  amplified  and  calibrated,  using  a  force  meter,  to  match  the 
amount  of  force  applied  to  the  stage  prior  to  testing.  The  friction  force  is  then  collected 
using  an  oscilloscope  data  acquisition  card  and  a  computer.  Once  collected,  the  RMS  of 
the  friction  force  is  then  tabulated  and  plotted  per  test  cycle  in  situ.  In  addition,  a  laser 
measuring  system,  shown  in  Fig  2,  is  focused  on  the  face  of  the  oscillating  ann  of  the 
tribometer  and  is  used  to  continuously  track  the  displacement  of  the  ellipsoid  during  each 
test.  The  real  time  displacement  data  along  with  friction  data  and  are  then  collected  using 
the  same  oscilloscope  computer  card  and  are  plotted  to  produce  in  situ  hysteresis  loops 
that  provide  real  time  monitoring  of  the  fretting  wear  regime. 

There  have  been  a  number  of  papers  published  that  explain  the  use  of  hysteresis 
loops  for  the  determination  of  fretting  wear  regime  [14-20].  Elliptical  shaped  hysteresis 
loops  have  been  shown  to  depict  mixed  fretting  behavior  and  quasi-rectangular  shaped 
hysteresis  loops  have  been  shown  to  depict  gross  slip  behavior.  This  technique  was  used 
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to  ensure  that  each  test  operated  in  the  gross  slip  regime  throughout  the  entire  duration  of 
the  test. 


Once  the  fretting  wear  tests  were  completed,  post  test  analysis  was  performed 
using  scanning  electron  microscopy  (SEM)  and  3-D  contact  profilometery  for 
morphology,  along  with  energy  dispersive  spectroscopy  (EDS)  for  chemical  analysis.  All 
cross-sections  were  cut  perpendicular  to  the  fretting  wear  direction  using  a  low  speed 
diamond  saw.  The  coating  cross-sections  were  mounted  using  an  air  cured  epoxy  mount, 
and  the  uncoated  ellipses  were  mounted  using  a  hard  carbon  filled  conductive  hot 
compression  mount.  The  hot  compression  mounts  were  used  on  the  ellipse  cross-sections 
because  they  have  a  higher  hardness  and  better  edge  retention,  which  is  needed  to  keep 
the  worn  regions  intact  during  the  polishing  process.  Once  mounted,  all  cross-sectioned 
samples  were  polished  prior  to  microstructure  and  EDS  analysis. 

3  Results 

3.1  Friction  and  Wear 

The  coefficients  of  friction  for  all  the  tests  ranged  from  approximately  0.7  to  0.9. 
Fig  3  shows  typical  friction  traces  measured  during  the  course  of  the  fretting  tests,  and 
shows  that  the  addition  of  the  coatings  to  the  interface  does  not  significantly  reduce  the 
friction.  Only  the  CuNiln  coating  reduced  the  measured  friction  coefficient  from  the  0.8 
exhibited  by  Ti6A14V  mating  surfaces  down  to  0.7. 

In  addition  to  measuring  the  friction,  the  coating  wear  was  assessed  by 
determining  the  maximum  depth  in  each  wear  track  using  a  3-D  contact  profilometer. 

Fig  4  shows  the  average  depths  measured  for  each  configuration  tested.  The  Mo  coating 
was  the  hardest  and  most  wear  resistant  of  all  the  coatings  at  room  temperature,  while 
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CuNiln  exhibited  the  most  wear.  However,  none  of  the  coatings  wore  completely 
through  to  the  substrate. 

3.2  Wear  Mode  Analysis 

This  study  consisted  of  fretting  wear  tests  in  which  Ti6A14V  ellipsoids  were  worn 
against  Ti6A14V,  CuNiln,  Al-Br,  Mo,  and  Ni.  In  addition  to  the  30  Hz  and  100,000  cycle 
tests  at  room  temperature,  short  duration  tests  conducted  at  2  Hz  oscillation  speed  were 
conducted  for  further  insight.  Uncoated  Ti6A14V  specimens  were  tested  as  a  baseline  to 
quantify  how  well  the  coatings  protect  the  mating  Ti6A14V  surfaces.  Specifically,  the 
ellipsoid  wear  in  the  uncoated  case  will  be  used  as  a  comparison  to  assess  the  amount  of 
damage  on  the  ellipsoids  caused  by  fretting  against  the  coated  surfaces.  In  this  section 
the  wear  on  the  coatings  as  well  as  in  the  uncoated  contacts  will  be  discussed. 

3.2.1  Uncoated  Ellipsoid  Wear 

At  room  temperature  the  Ti6A14V  mating  surfaces  are  damaged  primarily  by 
galling  initially,  and  then  by  3rd  body  wear  as  the  large  adhered  particles  start  to  break 
apart.  After  10  cycles,  with  2  Hz  oscillation  speed,  the  gross  slip  fretting  wear  at  the 
Ti6A14V  interface  of  the  test  specimens  is  composed  of  solely  adhesive  wear,  as  shown 
in  Fig  5A.  The  mated  surfaces  exhibited  severe  plastic  defonnation  with  large  wear 
particles,  on  the  order  of  100  pm  long  and  50  pm  wide,  adhered  to  the  wear  track.  After 
100  cycles  the  large  wear  particles  in  the  contact  start  to  break  up  into  smaller  wear 
debris,  as  shown  in  Fig  5B.  The  majority  of  the  debris  gathers  around  the  edges  of  the 
contact,  with  some  of  the  debris  getting  trapped  inside  the  wear  track.  After  1 ,000  cycles 
almost  the  entire  wear  track  is  filled  with  wear  debris,  as  shown  in  Fig  5C.  Some  large 
wear  particles  can  be  seen  near  the  center  and  the  edges  of  the  wear  track.  Some  of  these 
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larger  particles  are  produced  in  local  regions  throughout  the  wear  track  where  the 
Ti6A14V  surfaces  make  contact  in  the  absence  of  the  trapped  wear  debris,  and  some  of 
the  particles  are  from  the  adhesive  wear  that  was  predominant  during  the  initial  stages  of 
the  test.  After  100,000  cycles,  with  30  Hz  oscillation  speed,  the  wear  track  is  completely 
filled  with  wear  debris,  as  shown  in  Fig  5D.  This  exact  wear  mode  has  been  described  in 
detail  in  a  fretting  wear  review  paper  by  Hurricks  [1],  and  by  Blau  [21]  in  his  work  with 
wear  mechanisms  in  metallic  interfaces.  Fig  6A  and  6B  shows  cross-sectional 
micrographs  of  a  typical  100,000  cycle  Ti6A14V  mating  fretting  wear  test.  The  cross- 
sections  of  the  ellipsoid  wear  tracks  were  cut  perpendicular  to  the  fretting  direction  as 
shown  by  the  arrows  in  Fig  5D.  In  the  center  of  the  wear  track,  the  wear  scar  is 
approximately  30  to  40  pm  deep.  The  dark  region  shows  a  compacted  powder  bed  of 
fine  titanium  and  oxide  wear  debris.  Using  Raman  Spectroscopy,  Hager  et  al  [13] 
determined  that  the  accumulation  of  gross  slip  fretting  wear  debris  in  the  contact  of 
Ti6A14V  mating  surfaces  contains  significant  amounts  of  rutile  TiC>2.  Fig  6B  shows  the 
plastically  deformed  surface  layers,  or  highly  deformed  layer  (HDL)  as  defined  by 
Rigney  et  al  [22],  near  the  edge  of  the  wear  scar  and  beneath  the  trapped  wear  debris.  In 
these  contact  regions  the  accumulation  of  plastic  deformation  occurs  until  the  surface 
material  becomes  too  brittle  to  accommodate  the  imposed  strain,  as  explained  by 
Blanchard  et  al  [23].  This  eventually  leads  to  the  breakup  of  surface  regions  and  the 
formation  of  large  wear  particles,  as  shown  in  Fig  6B. 

The  wear  mode  analysis  conducted  on  the  uncoated  Ti6A14V  ellipsoids,  worn 
against  the  plasma  sprayed  CuNiln,  Al-Br,  Mo,  and  Ni  coatings,  determined  that  the  wear 
evolution  and  damage  mechanisms  are  same  as  those  exhibited  by  mated  Ti6A14V 
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surfaces.  Figs  7  shows  SEM  micrographs  of  the  ellipsoid  surface  damage  caused  by 
gross  slip  fretting  against  each  of  the  plasma  sprayed  coatings.  After  just  100  cycles,  the 
accumulated  damage  is  driven  by  adhesive  wear.  EDS  analysis  and  X-ray  mapping  of 
the  magnified  regions  showed  that  the  large  adhered  particles,  in  all  four  wear  tracks,  are 
adhered  metallic  particles  from  the  various  coating  surfaces.  These  large  adhered 
particles  plow  large  channels  or  make  striations  on  the  surface  of  the  Ti6A14V  ellipsoids. 
In  addition,  the  micrographs  from  these  tests  also  show  a  significant  amount  of  tiny  wear 
debris  trapped  within  the  wear  track.  Using  EDS,  it  was  determined  that  these  particles 
are  a  mixture  of  mostly  oxidized  Ti6A14V  and  transferred  coating  wear  debris. 

Although  the  apparent  mechanisms  by  which  the  fretting  wear  has  damaged  the 
surface  of  the  Ti6A14V  ellipsoids  are  the  same  against  all  of  the  coated  and  uncoated 
surfaces,  the  accumulation  and  evolution  of  the  wear  at  each  interface  still  exhibited  some 
distinct  characteristics.  All  of  the  worn  Ti6A14V  ellipsoid  surfaces  had  adhered  coating 
particles.  However,  these  particles  varied  in  size  and  in  the  amount  of  damage  they 
caused.  Wear  against  the  CuNiln  coating  for  100  cycles  produced  large  adhered  coating 
particles,  on  the  order  of  20  to  100pm  in  size.  In  addition,  100  cycles  of  fretting  was 
enough  to  cause  galling  throughout  most  of  the  contact  area  and  create  large  amounts  of 
trapped  oxide  debris,  the  tiny  white  particles  that  are  dispersed  throughout  the  wear  track 
as  shown  in  Fig  7A.  Fretting  for  100  cycles  against  the  Al-Br  coating  caused  the  least 
amount  of  damage  to  the  Ti6A14V  ellipsoid,  in  comparison  to  all  of  the  coatings  tested. 
Fig  7B  shows  that  the  Al-Br  coating  smeared  onto  the  Ti6A14V  surface  causing  galling  to 
occur  only  in  localized  regions.  The  Mo  coating,  which  was  the  hardest  of  the  four 
coatings,  caused  the  most  severe  damage  to  the  mated  Ti6A14V  surface,  after  100  cycles. 
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Adhesion  between  the  coating  and  the  Ti6A14V  ellipse  caused  severe  galling  and  the 
transfer  of  large  Mo  particles.  The  adhered  Mo  particles,  typically  on  the  order  of  100 
pm  in  size,  mixed  with  the  displaced  titanium  at  the  edges  of  the  galled  regions,  as  shown 
in  Fig  1C.  Fretting  against  the  Ni  coating  for  100  cycles  produced  a  wear  track  on  the 
Ti6A14V  mated  ellipsoid  that  was  similar  to  what  was  seen  in  the  CuNiln  tests.  The 
differences  between  the  two  are  that  the  Ni  created  a  wear  scar  with  deeper  galling  tracks 
and  more  fine  oxide  debris  trapped  within  the  contact,  as  shown  in  Fig  7D. 

Figs  8  shows  micrographs  of  the  ellipsoid  wear  after  1,000  and  100,000  cycle 
tests.  In  the  1,000  cycle  tests  conducted  against  Mo  and  Ni,  Fig  8E  and  8G  respectively, 
the  micrographs  show  that  the  gross  slip  fretting  wear  progression  of  the  interfaces  has 
lead  to  the  break  up  and  oxidation  of  the  large  galling  products  and  the  protruding 
Ti6A14V  at  the  edges  of  the  severely  deformed  regions  that  were  seen  in  the  100  cycle 
tests.  Therefore,  the  interfacial  wear  on  the  ellipsoid  has  transitioned  from  adhesive  wear 
and  galling  to  a  3rd  body  abrasive  wear  during  the  period  between  100  and  1,000  cycles. 
In  the  1,000  cycle  tests  conducted  against  CuNiln  and  Al-Br,  Fig  8A  and  8C  respectively, 
the  wear  tracks  show  an  increased  amount  of  fine  oxide  debris  trapped  within  the  wear 
track,  and  the  absence  of  the  large  transfer  particles  that  were  seen  in  the  100  cycle  tests. 
However,  the  wear  scars  created  by  CuNiln  and  Al-Br  exhibited  large  regions  near  the 
center  of  the  contact  where  evidence  of  adhesive  wear  was  still  apparent.  After  100,000 
wear  cycles  all  surfaces  of  the  wear  tracks  against  each  of  the  different  coatings  were 
completely  covered  with  a  powder  bed  of  compacted  wear  debris.  This  debris  was 
composed  of  mostly  oxidized  Ti6A14V  and  coating  particles  along  with  some  larger 
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metallic  particles,  typically  from  the  coating  surfaces.  Micrographs  of  the  ellipsoid  wear 
tracks  after  100,000  cycles  are  shown  in  Fig  8. 

In  addition  to  the  wear  scar  surface  analysis,  all  of  the  Ti6A14V  ellipsoids  worn 
for  100,000  cycles  were  cross-sectioned  perpendicular  to  the  fretting  direction,  shown  by 
the  black  arrows  in  Fig  5D,  8B,  8D,  8F,  and  8H.  Analysis  of  the  back  scatter  (BSE)  SEM 
micrographs  of  the  ellipsoid  cross-sections,  shown  in  Fig  9,  further  verifies  the 
similarities  in  the  fretting  wear  mechanisms  that  damage  these  Ti6A14V  surfaces  when 
self  mated  or  worn  against  the  CuNiln,  Al-Br,  Mo,  or  Ni  plasma  sprayed  coatings. 
Fretting  wear  of  Ti6A14V  ellipsoid  surfaces  mated  with  the  CuNiln  and  Al-Br  coatings 
produced  virtually  identical  wear  to  that  of  the  mating  Ti6A14V  surfaces,  as  seen  by 
comparing  Figs  9A-9D  with  Figs  5A  and  5B.  The  only  differences  being  that  the  mixture 
metal  and  oxide  debris  compacted  into  the  worn  ellipsoid  surfaces  have  different 
chemistries,  and  that  the  ellipsoids  worn  against  Al-Br  did  not  have  the  large  detached 
particles  that  were  seen  in  the  CuNiln  tests,  as  shown  in  comparing  Fig  9B  and  9D.  The 
wear  scars  from  fretting  against  CuNiln  and  Al-Br  have  compacted  debris  composed  of 
oxidized  debris  from  the  coating  surfaces  mixed  with  the  titanium  and  titanium  oxide 
debris,  as  confirmed  with  EDS  analysis.  The  wear  on  the  ellipsoid  surfaces  mated  with 
the  Mo  and  Ni  coatings,  shown  in  Figs  9E  and  9F,  also  exhibit  similar  wear  mechanisms. 
However,  these  surfaces  have  thinner  transfer  films  of  compacted  debris  and  larger 
Ti6A14V  wear  particles.  Often  these  Ti6A14V  particles  are  on  the  order  of  50pm  deep 
and  just  as  wide.  This  is  typically  2  to  3  times  larger  than  the  ones  seen  at  the  CuNiln 
worn  Ti6A14V  interfaces. 

3.2.2  Coating  Wear 
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After  100  fretting  wear  cycles  at  2  Hz,  the  wear  on  the  surface  of  the  coatings  was 
localized  to  the  damage  of  the  large  asperity  tips  of  the  rough  as  sprayed  coatings.  Fig 
10  shows  secondary  electron  and  back  scatter  (BSE)  SEM  images  of  the  wear  tracks.  In 
both  sets  of  images  it  can  be  seen  that  the  surface  asperities  of  the  CuNiln,  Al-Br,  and  the 
Ni  coatings  have  been  sheared  and  flattened,  with  the  produced  debris  collected  in  the 
valleys  of  the  coating  surface.  Unlike  the  other  three  coatings,  the  Mo  coating  sustained 
almost  no  surface  damage  after  100  cycles.  However,  the  surface  of  the  Mo  coating  did 
have  debris  trapped  in  the  valleys  between  the  asperities  as  seen  on  the  other  coatings. 
The  BSE  images,  shown  in  Fig  10,  display  changes  in  contrast  with  respect  to  changes  in 
surface  chemistry.  Therefore  the  dark  regions  that  are  shown  with  arrows  in  Fig  10A, 
10C,  and  10D  indicate  Ti6A14V  particles  that  have  adhered  to  the  coating  surface.  This 
fact  was  further  verified  chemically  using  EDS.  The  Al-Br  coating,  shown  in  Fig  10B, 
was  the  only  one  of  the  tested  coatings  that  did  not  have  large  pieces  of  the  mated 
Ti6A14V  ellipsoid  surface  adhered  to  the  coating  wear  track. 

Extended  fretting  wear  tests  lead  to  the  continued  shearing  of  large  coating 
asperities,  as  well  as  the  breakup  of  the  transferred  Ti6A14V  particles  that  were  seen  after 
100  cycles  of  wear.  Fig  1 1  shows  SEM  images  of  the  coating  wear  tracks  after  1,000  and 
100,000  cycle  tests.  The  separate  sets  of  tests  were  conducted  respectively  at  2  Hz  and 
30  Hz  oscillation  speeds.  After  1,000  cycles,  the  coating  asperities  have  been  worn  away 
completely,  except  on  the  Mo  coating.  The  wear  debris  that  was  once  trapped  in  the 
valleys  between  asperities  is  swept  towards  the  edges  of  the  wear  track,  leaving  enough 
debris  trapped  within  the  contact  to  cover  a  large  portion  of  the  contact  region.  The  Al- 
Br  coating,  Fig  1 1C,  is  the  only  coating  with  significant  surface  area  that  is  uncovered  by 
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wear  debris  within  the  wear  track  after  1,000  cycles.  After  100,000  cycles  the  wear 
tracks  of  coatings  appeared  to  have  reached  steady  state  wear.  With  the  exception  of  the 
Mo  coating,  the  wear  tracks  were  significantly  covered  with  debris  creating  a  powder  bed 
within  the  contact,  as  shown  in  Fig  12.  This  indicates  that  the  interfacial  wear 
mechanisms  are  now  controlled  by  the  rheology  of  the  wear  debris  trapped  within  the 
contact,  as  studied  by  Colombie  et  al  [24],  as  well  as  by  any  localized  metallic  contact 
that  may  occur.  However,  the  Mo  coating,  even  after  100,000  cycles,  still  has  valleys 
between  the  asperities  that  trap  debris.  In  addition,  there  are  some  localized  regions  in 
the  Mo  wear  tracks  where  EDS  showed  a  concentration  of  titanium  material.  Fig  13  and 
Fig  14  show  average  ratios  of  the  Ti/coating  and  oxygen/Ti  in  atomic  %  as  measured 
using  EDS.  These  measurements  were  made  in  the  dark  regions  of  the  BSE  SEM 
images,  as  seen  in  Fig  12.  In  the  localized  dark  regions,  the  Mo  has  a  Ti/Mo  ratio  of 
more  than  1.5/1  and  an  oxygen/Ti  ratio  of  approximately  3/1.  Molybdenum  will  oxidize 
typically  to  M0O3  and  titanium  will  oxidize  typically  to  Ti02;  therefore,  there  is  not 
enough  oxygen  detected  in  these  regions  for  the  debris  to  be  completely  oxidized.  This 
indicates  that  even  after  100,000  cycles  the  Mo  coating  is  still  galling  in  localized 
regions. 

4,  Summary  and  Discussion 

In  overview,  this  study  was  conducted  to  assess  the  interfacial  wear  mechanisms 
associated  with  gross  slip  fretting  of  Ti6A14V  in  contact  with  four  different  thermal  spray 
coatings  at  room  temperature.  These  tests  were  conducted  without  lubrication  and  caused 
metallic  wear  in  the  fretting  contact.  All  metallic  engineering  surfaces  are  covered  by 
thin  oxide  layers  that  are  typically  angstroms  or  nanometers  in  thickness  [1,  25].  This 
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contaminant  layer  initially  protects  the  underlying  metal.  However,  surface  species  are 
dispersed  during  the  first  few  cycles  of  the  fretting  wear  process  causing  the  intimate 
contact  of  the  Ti6A14V  ellipsoid  surfaces  with  the  metallic  coating  surfaces.  When  this 
happens  the  contacting  nascent  metallic  surfaces  cause  adhesive  wear  and  ultimately 
galling.  The  galling  of  the  Ti6A14V  ellipsoid  surface  coincides  with  the  shearing  of  the 
coating  surface  asperities,  and  the  simultaneous  transfer  metallic  material  between  the 
contacting  surfaces. 

All  of  the  coatings  tested  were  approximately  half  as  hard  as  the  Ti6A14V  contact 
surface,  with  the  exception  of  the  Mo  coating  which  was  slightly  harder  than  its  titanium 
counterpart.  This  would  lead  one  to  believe  that  material  transfer  at  the  fretting  interface 
would  consist  of  the  softer  coating  surfaces  transferring  to  the  harder  Ti6A14V  surface, 
and  in  fact  this  is  what  predominantly  occurs.  However,  there  are  localized  regions 
where  large  Ti6A14V  particles,  on  the  order  of  50  to  100pm,  were  adhered  to  the  surfaces 
of  the  CuNiln  and  Ni  coating  surfaces.  Bowden  et  al  [26]  also  witnessed  a  similar 
phenomenon  when  they  observed  the  transfer  of  small  fragments  of  mild  steel  to  the 
surface  of  copper  during  sliding  wear  experiments.  This  is  an  extremely  devastating  wear 
phenomenon  that  accelerates  the  ellipsoid  wear,  because  the  Ti6A14V  adhered  particles 
form  raised  plateaus  on  the  coating  surface  and  promote  further  galling  by  creating 
titanium  on  titanium  contact  within  the  fretting  interface. 

Galling  and  material  transfer,  along  with  the  shearing  of  coating  asperities 
typically  occurs  within  the  first  100  gross  slip  fretting  wear  cycles.  Between  100  and 
1,000  cycles  of  wear,  the  highly  defonned  surface  layer  of  the  Ti6A14V  ellipsoid 
becomes  too  brittle  to  accommodate  the  imposed  fretting  displacement,  as  explained  by 
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Blanchard  et  al  [23],  and  begins  to  crack  and  break,  as  shown  in  Fig  6B.  In  addition,  the 
continued  deformation  of  the  transferred  material  plateaus  causes  them  to  breakup  as 
well.  This  creates  an  abundance  of  wear  debris  within  the  contact.  The  wear  debris 
represents  a  wear  mode  shift  from  adhesive  driven  wear  to  wear  that  is  mostly  driven  by 
the  rheology  of  the  3rd  body  debris,  most  likely  3rd  body  abrasion. 

From  1,000  cycles  to  100,000  cycles  some  of  the  wear  debris  is  swept  out  of  the 
wear  track,  and  some  of  the  wear  debris  remains.  The  trapped  or  active  wear  debris 
continuously  gets  crushed  into  fine  particles  and  oxidizes.  As  the  active  wear  debris 
builds  up  in  the  wear  track,  it  gets  compressed  together  and  forms  a  powder  bed  that 
separates  the  contacting  surfaces.  If  the  powder  bed  formation  is  continuous,  as  it  is  in 
the  cross  sections  of  the  ellipsoids  worn  against  CuNiln  and  Al-Br  shown  in  Fig  9A  and 
9C,  then  the  surface  degradation  will  be  concentrated  at  the  edges  of  the  contact  and 
expand  the  wear  track  laterally  instead  of  deeper.  This  can  be  seen  in  Fig  9B  and  9D.  In 
the  case  of  the  Mo  coating,  the  asperities  are  never  completely  worn  away  and  the  valleys 
trap  the  wear  debris  preventing  the  formation  of  a  powder  bed.  This  is  why  there  is  still 
evidence  of  localized  galling  near  the  center  of  the  wear  track  after  100,000  fretting  wear 
cycles. 

Ultimately,  the  thennal  spray  coatings  tested  did  not  change  the  associated  wear 
mechanisms  or  reduce  the  apparent  wear  damage  imposed  on  the  Ti6A14V  ellipsoid 
surface.  Although  the  wear  may  have  appeared  to  be  reduced  in  the  first  100  cycles  or  so 
against  the  Al-Br  coating,  the  eventual  result  after  100,000  cycles  of  gross  slip  fretting 
wear  was  the  same  as  that  seen  in  the  Ti6A14V  mating  contacts.  This  is  because  of  the 
formation  of  a  powder  bed  in  all  of  the  tested  configurations.  The  rheology  of  the  3rd 
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body  debris,  primarily  the  titanium  oxide  debris  which  is  constant  to  all  of  the  tests, 
controls  the  extent  of  the  fretting  wear  damage  to  the  Ti6A14V  ellipsoid  after  1,000 
cycles,  or  once  enough  debris  has  been  established  in  the  contact.  In  addition,  the 
CuNiln,  Al-Br,  and  Ni  thermal  spray  coatings  sustained  severe  wear  during  each  of  the 
fretting  wear  tests.  30%  to  40%  of  the  coating  thickness  had  been  worn  away  after 
100,000  cycles  of  fretting.  The  Mo  coatings  were  very  wear  resistant  and  exhibited  wear 
scars  that  were  half  the  depth  of  the  other  coatings.  However,  the  wear  resistance  of  the 
Mo  coatings  can  be  more  detrimental  to  the  Ti6A14V  ellipsoid  due  to  the  localized 
galling  that  continues  for  at  least  two  orders  of  magnitude  longer  than  against  the  other 
coatings  tested. 

The  wear  analysis  from  this  study  supports  the  need  for  a  different  coating  system 
than  the  current  rationale.  Although  the  actual  compressor  blades  are  coated  with  thermal 
sprayed  coatings  and  then  with  solid  lubricants,  this  study  shows  the  dangers  of  what  can 
happen  if/or  when  the  lubricants  fail  or  are  completely  worn  away.  In  gross  slip  fretting, 
these  soft  thermal  spray  coatings  do  not  effectively  protect  the  mating  Ti6A14V  surfaces 
without  solid  lubrication. 

5.  Conclusions 

This  study  was  conducted  to  examine  the  wear  mechanisms  associated  with  the 
addition  of  four  thermal  sprayed  coatings  into  a  Ti6A14V  mated  fretting  contact,  under 
gross  slip.  It  was  found  that: 

•  The  measured  coefficient  of  friction  in  all  of  the  tests  was  very  high,  from  0.7  to 

0.9. 
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•  All  of  the  wear  mechanisms  that  governed  the  surface  damage  accumulation  were 
the  same  in  all  of  the  tested  coating  configurations. 

•  All  of  the  extended  tests  exhibited  similar  amounts  of  Ti6A14V  ellipsoid  wear 
against  all  of  the  coatings  and  in  the  Ti6A14V  mated  tests.  Therefore,  all  of  the 
coatings  tested  were  unable  to  adequately  protect  the  mated  ellipsoids  without 
lubrication. 
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Fig.  2.  Fretting  wear  tribometer. 
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Materials 

Composition 
Weight  % 

Roughness 
Ra  (pm) 

Nano 

Hardness 

(GPa) 

Micro 

Hardness 

(HV) 

Modulus 

(GPa) 

Copper 

Nickel 

Indium 

64%  Cu  35% 
Ni  1%  In 

9 

2.4 

138 

90 

Aluminum 

Bronze 

90.3  -  87.5% 
Cu  9-11%  A1 
0.7-1. 5%  Fe 

16 

1.95 

61 

Molybdenum 

Commercially 

pure 

10 

5.0 

291 

177 

Nickel 

Commercially 

pure 

7 

2.1 

133 

82 

Titanium 
Substrate  and 
Counterface 

90%  Ti  6%  A1 
4%  V 

0.1 

4.1 

284 

143 

Table  1.  Substrate  and  coatings  properties. 
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Friction 


RMS  Friction  Measured  During  Fretting  Wear  Tests 
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Fig.  3.  RMS  friction  measurements  for  gross  slip  fretting  at  room  temperature. 
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Average  of  the  Maximum  Depth  Measured 
in  the  Fretting  Wear  Tracks 


Fig.  4.  Average  of  the  maximum  wear  depth  measured  in  the  coating  wear  tracks. 
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Fig.  5.  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  ellipsoid  after  being 
worn  against  a  Ti6A14V  uncoated  disk  for  A)  10  cycles  at  2  Hz,  B)  100  cycles  at 
2  Hz,  C)  1,000  cycles  at  2  Hz,  and  D)  100,000  cycles  at  30  Hz. 
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Compacted  metal  and  oxide  wear 
debris 


lOOj^m  20|um  Breakup  of  plastically 

*  *  A  A  *  deformed  layer  3 


Fig.  6.  Images  A  and  B  are  back  scatter  (BSE)  SEM  images  showing  the  cross-section  of 
a  Ti6A14V  ellipsoid  worn  against  uncoated  Ti6A14V  at  room  temperature  for 
100,000  cycles,  at  the  center  and  edge  of  the  wear  track  respectively. 
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Fig.  7.  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  Ti6A14V  ellipsoid 
after  being  worn  against  the  test  coatings  for  100  cycles  at  2Hz.  The  images 
outlined  in  black  on  the  right  are  zoomed  images  of  what  is  contained  in  the  black 
squares  on  the  left. 
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Fig.  8.  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  Ti6A14V  ellipsoid 
after  being  worn  against  the  test  coatings  at  room  temperature  for  1,000  and 
100,000  cycles  respectively. 
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Fig.  9.  Back  scatter  (BSE)  SEM  image  showing  the  cross-section  of  a  Ti6A14V  ellipsoid 
worn  against  the  test  coatings  at  room  temperature  for  100,000  cycles.  Images  on 
the  left  are  from  the  center  of  the  wear  track,  and  images  on  the  right  are  from  a 
region  near  the  edge  of  the  respective  wear  track. 
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A.)  CuNiln 


100|Lun 


Fig.  10.  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  test  coatings  after 
100  cycles  at  2Hz  oscillation  speed.  On  the  left  are  secondary  electron  (SE) 
images  and  on  the  right,  outlined  in  black,  are  the  exact  same  images  in  using  a 
back  scatter  (BSE)  detector.  The  black  arrows  in  all  of  the  images  point  to 
titanium  that  is  adhered  to  the  coating  wear  surface. 
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Fig.  11.  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  test  coatings  after 
1,000  and  100,000  cycle  tests  mated  with  Ti6A14V. 
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Fig.  12.  Back  scatter  SEM  micrographs  of  the  fretting  wear  on  the  surface  of  the  test 
coatings  after  cycle  tests  mated  with  Ti6A14V. 
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Ratio  of  Ti  to  Coating  Material  Using  EDS  Atomic  % 


Fig.  13.  Average  ratio  of  Ti/coating  in  atomic  %  as  determined  from  EDS  scans  of  the 
dark  regions  shown  in  the  BSE  SEM  micrographs  in  Fig  12. 
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Ratio  of  Oxygen  to  Ti  Using  EDS  Atomic  % 


Fig.  14.  Average  ratio  of  oxygen/Ti  in  atomic  %  as  determined  from  EDS  scans  of  the 
dark  regions  shown  in  the  BSE  SEM  micrographs  in  Fig  12. 
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